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SUMMARY

Babesial parasites infect cattle in tropical and temperate
regions of the world and cause significant morbidity and
mortality. Discovery of protective antigens that could be used
in a killed vaccine has been slow and to date there are few
promising vaccine candidates for cattle Babesia. This review
describes mechanisms of protective innate and adaptive
immune responses to babesial parasites and different strate-

gies to identify potentially protective protein antigens of

B. bovis, B. bigemina, and B. divergens. Successful parasites
often cause persistent infection, and this paper also discusses
how B. bovis evades and regulates the immune response to
promote survival of parasite and host. Development of suc-
cessful non-living recombinant vaccines will depend on
increased understanding of protective immune mechanisms
and availability of parasite genomes.
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INTRODUCTION

Babesiosis in cattle, which has also commonly been called
tick fever, redwater, and piroplasmosis, is caused by several
different species of Babesia found throughout tropical and
temperate areas of the world. The three most important
pathogens are Babesia bovis, B. bigemina, and B. divergens.
Although these organisms are phylogenetically closely
related (1,2), and, in the case of B. bovis and B. bigemina,
transmitted by the same tick vector Rhipicephalus ( Boophilus)
microplus, the diseases caused by these parasites are remark-
ably different (3). Babesia bovis is the most pathogenic
organism, resulting in high mortality rates among suscepti-
ble cattle. The disease caused by B. bovis is characterized
by fever, anaemia, anorexia, cachexia, haemoglobinurea
and a hypotensive shock syndrome. In acutely ill animals,
parasitized erythrocytes are sequestered in the microcapil-
lary beds of the brain and lung, resulting in low levels of
parasitaemia in the periphery, cerebral babesiosis, and a
respiratory distress syndrome associated with neutrophil
infiltration into the lung capillaries, vascular permeability,
and oedema (reviewed in (4)). The severe pathogenesis is
thought to be partially immune-mediated, and overproduc-
tion of soluble mediators including IFN-y, TNF-o., and nitric
oxide (NO) that are associated with protective immunity
against many intracellular pathogens has been implicated
(4,5). In support of this, Hemmer et al. (6) demonstrated
that TNF-a played a significant role in the pathogenesis of
virulent WA-1 Babesia infection.

Babesia bigemina and B. divergens present with less severe
pathology, although disease can vary from mild to severe
anaemia, and can be fatal. The course of disease with all of
these parasites is in part determined by age and immune
status of the host, and differing virulence among parasite
strains (3,7).
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Recovery from infection with Babesia, either naturally
or following chemotherapeutic intervention, generally
results in parasite persistence and protection against disease
following reinfection. This concomitant immunity may
contribute to a protective immune response by providing
a continual source of antigenic stimulation, which in one
model of Leishmania major infection, is required for the
maintenance of effector memory T cell responses (8).
Concomitant immunity is the basis for using live Babesia
vaccines attenuated by passage through splenectomized
cattle (9). However, live vaccines are not without risk, which
includes transmission of other blood-borne pathogens
and failure due to vaccine breakthroughs (9).

Immunity following immunization with live, attenuated
B. bovis vaccine is known to last after parasites have been
eliminated by drug treatment (10). Similar conclusions
were reached with B. divergens infection (11). However,
the long-term duration of such ‘sterile’ immunity is really
unknown. The ability to confer some level of protective
immunity following immunization with killed parasites or
parasite extracts upon homologous or heterologous strain
challenge has provided a rationale for developing subunit
vaccines (12-14).

This review article examines current understanding of
protective innate and adaptive immune mechanisms to
cattle Babesia, strategies for developing nonliving vaccines
and identification of immunogenic proteins that have been
considered as candidates for inclusion in a subunit vaccine,
and challenges imposed by antigenic variation of surface
proteins.

MECHANSIMS OF PROTECTIVE IMMUNITY

The mechanisms of immunity to babesial parasites are
hypothesized to require innate as well as adaptive responses.
Several reviews have described a model of protective
immune mechanisms for B. bovis (15-17). Most of our
knowledge of protective adaptive immune responses to
bovine babesial pathogens has been deduced from mouse
models of infection.

Mouse models of immunity to Babesia

Considerable research has been done using murine
models of Babesia that infect humans, notably B. microti
and the virulent WA1 Babesia (reviewed in (18)). Although
these parasites are phylogenetically more related to Theileria
than to cattle Babesia (1,2), they are relevant because they
cause disease similar to that caused by bovine babesial
parasites. In B. microti-infected mice, many studies have
clearly shown that CD4* T cells, but not CD8* T cells, are
required for protective immunity (19-21). The requirement
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for IFN-y is less clear. One study using IFN-y knockout
mice showed delayed but eventual resolution of disease
caused by B. microti (21), whereas a separate study showed
no protection against challenge with this parasite in mice
depleted of IFN-y by specific antibody treatment (20).
Differences may be related to the use of different parasite
strains. Several studies have also shown that antibody
does not protect mice against B. microti infection (20-22).
Nevertheless, in vitro inhibition of parasite growth has
been observed with B. microti-immune serum (23). These
results show that in vitro parasite inhibition assays do
not necessarily predict the protective efficacy of antibody
in vivo.

Babesia microti is a relatively benign pathogen in mice,
and a more virulent Babesia parasite, designated WAL for its
origin in a human patient from Washington State (24), may
be a more relevant mouse model for the virulent B. bovis
pathogen. In contrast to the self-limiting B. microti infection
in C3H/HeN mice, WA1 Babesia infection caused severe
clinical disease by 10 days and 100% mortality (6). The
WA Babesia infection was characterized by production
of inflammatory cytokines TNF-o by yd T cells and IFN-y
by CD8* T cells. The infection was less severe in TNF
receptor-deficient mice, which had 90% survival rates (6). A
subsequent study with gene knockout mice extended these
observations and showed a protective role for IL-12, IFN-y,
and NO in acute WA1 Babesia infection (25). Neither B
cells nor CD4" T cells appeared to contribute to immu-
nity, whereas NK cells and macrophages were important.
These data suggest that for the acutely pathogenic WAL
Babesia, innate immune mechanisms involving IL-12- and
IFN-y-mediated macrophage activation and NO production
are critical to controlling infection so that acquired immu-
nity can develop.

Innate immune responses to cattle Babesia

It has been proposed that resolution of an acute infection
in naive calves infected with virulent B. bovis parasites
depends on a strong innate immune response in the
spleen that causes activation of macrophages via IFN-yand
parasite-derived products, and results in killing of the
organisms by phagocytosis and production of toxic macrophage
metabolites, including NO. In support of this, a study
comparing protected and unprotected cattle following
vaccination with a recombinant antigen, 11C5, showed that
resolution of infection correlated positively with ex vivo
production of TNF-o by peripheral blood mononuclear
cells and a spike in IFN-y production (26). The importance
of the spleen in controlling infection is documented, as
splenectomy results in recrudescence of parasitaemia and
clinical disease in persistently infected cattle (3).

© 2006 The Authors
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Interestingly, young calves less than 6 months of age are
relatively resistant to developing the severe form of disease
typically observed in susceptible adults upon initial infec-
tion with B. bovis (27,28). Calves under 1 year of age are
similarly resistant to disease caused by B. divergens (29).
This age-related resistance is not due only to the protective
effects of maternal antibody, because passively transferred
antibody has a life-span less than the duration of resistance,
and calves born from serologically negative dams or in
disease-free regions, that were subsequently infected with
the parasite, were also resistant (28,30). The resistance of
young animals compared with adults to B. bovis infection
has been shown to reflect an earlier expression in calves in
the spleen of IL-12, IFN-y and NO and increased numbers
of NK-like cells following challenge with the virulent T,Bo
isolate (28,31). Previous studies had documented that
B. bovis induced NO production in macrophages in an
IFN-y-dependent manner, and demonstrated in vitro killing
of B. bovis by NO (32-34). In young calves, splenic NK cells
produce IFN-y in response to IL-18 and IL-12 or superna-
tants from B. bovis-stimulated macrophages that contain
IL-12 (35). Collectively, these data argue that the age-related
resistance to B. bovis is in part mediated by an early IL-
12- and NK cell-mediated IFN-y response, which activates
macrophages to produce sufficient NO to kill the parasites
early enough to prevent the pathological consequences
of infection, so that adaptive immune responses can ensue.
The parasite molecules that stimulate innate immunity
include CpG DNA and lipids, reviewed in detail elsewhere
(17,36), are discussed below.

To be successful, a parasite should not kill its host but
rather coexist in a state of persistent infection. To this end,
many pathogens may have adapted strategies to stimulate
an innate immune response that controls infection levels,
but that is incapable of completely eliminating the infection.
Different components of various pathogens, including bac-
teria, fungi, viruses, and parasites stimulate innate immune
responses by binding to mammalian Toll-like receptors
(TLRs) (37-41). TLRs expressed on a variety of leucocyte
subsets recognize conserved molecular motifs called pathogen-
associated molecular patterns (PAMPs) and TLR engagement
initiates the innate immune response to many pathogens,
resulting in cytokine and costimulatory molecule expression
by antigen-presenting cells required for initiation of adap-
tive immune responses. Examples of PAMPs and their
respective TLRs include lipopeptide (TLR2), single and
double stranded viral RNA (TLRs3 and 4), bacterial lipopo-
lysaccharide (TLR4), flagellin (TLRS), poly G motifs of
DNA (TLRS), non-methylated CpG motifs of DNA (TLRY),
and profilin (TLR11). We had observed that B. bovis
merozoite extracts non-specifically activated proliferation
of bovine PBMC. Subsequent studies determined that this

© 2006 The Authors

Prospects for recombinant vaccines against Babesia

response was in part due to the presence of non-methylated
CpG motifs in B. bovis DNA that activated proliferation of
B cells (42). We went on to show that merozoite extracts,
B. bovis lipid, and purified DNA from B. bovis, Trypanosoma
brucei, and T. cruzi as well as E. coli, activated macrophages
to produce IL-1B, IL-12, TNF-o. and NO (34,43). TLR9
is expressed in cattle (44), and these studies demonstrated
that it is functional.

Profilin, recently identified in Toxoplasma gondii and other
protozoa, is an actin-binding protein that induced produc-
tion of large amounts of IL-12 from murine dendritic cells
in a TLR11-dependent manner (41). By blasting the B. bovis
Texas T,Bo strain genomic sequence for homologous
genes, we identified a 17-5-kDa profilin-like protein that
had 34-64% identity to Plasmodium falciparum, Toxoplasma
gondii, and Theileria parva profilins. However, neither Crypto-
sporidium parvum profilin (kindly provided to us by A. Sher,
Laboratory of Parasitic Diseases, NIH) nor recombinant
B. bovis profilin stimulated IL-12 production by bovine APC,
under the same experimental conditions where B. bovis
DNA and E. coli DNA did (Norimine, Suarez, and Brown,
unpublished observations; 43). We have not identified
homologues for TLR11 to date in the available bovine
genome, which probably explains our results. Interestingly,
TLRI11 is not expressed by human cells (45) nor by several
other mammalian species, including cat, dog and chimpan-
zee (46). Thus, the role of apicomplexan profilins in non-
murine mammalian immunity to infection by protozoa
is currently unknown.

Adaptive immunity to cattle Babesia

The ability to precisely define the adaptive immune responses
in cattle that result in protective immunity to babesial para-
sites is limited by the large animal model, where knocking
out specific lymphocyte subsets or performing adoptive
transfer studies with defined cell populations is problematic.
A brief summary of what is known regarding protective
mechanisms and in vitro correlates of protective immunity is
provided.

Because cattle Babesia parasites infect only erythrocytes,
the adaptive immune response to subsequent infection
and protection against clinical disease is dependent on
presentation of parasite antigens to CD4" T-lymphocytes by
professional antigen-presenting cells. Control of infection is
probably mediated through destruction of infected erythro-
cytes by activated splenic macrophages and by neutralizing
antibodies directed against extracellular merozoites and
the infected erythrocyte surface-variable erythrocyte surface
antigens, defined as VESA1 in B. bovis (47). Both of these
immune mechanisms depend on CD4* T cells. The role of
protective antibody in B. bovis infection was demonstrated
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by passive administration of immune serum or a mixture of
IgG1 and IgG2 that provided protection against homolo-
gous strain challenge (13).

Characterizing the antigen-specific T cell response in
cattle protected from Babesia infection following infection
and treatment has similarly revealed that lymphocytes that
respond in vitro to B. bovis and B. bigemina antigens are
CD4" T cells (48,49). At the clonal level, all CD4" T cells
specific for B. bovis express IFN-y and some also express
IL-4 mRNA (50). When assayed for helper T cell function
ex vivo, B. bigemina-specific CD4" T cells that expressed
relatively high levels of IFN-y vs. IL-4 enhanced IgG1 and
1gG2 secretion by autologous B-lymphocytes in co-culture
with specific Babesia antigen (51). This result demonstrates
a functional role of T helper cell IFN-y for isotype switching
to IgG2 (52), the best opsonizing antibody isotype in
cattle (53).

Understanding the innate mechanisms of resistance in
young animals to acute B. bovis infection, and understand-
ing acquired immune mechanisms that result in continual
control of parasitaemia to persistent levels in adult cattle
that survive infection, are important for devising strategies
to induce a protective immune response by vaccination.
Knowledge of innate and resulting adaptive immune mech-
anisms of protection will help direct the use of adjuvants to
stimulate the appropriate responses.

STRATEGIES TO IDENTIFY PROTECTIVE
ANTIGENS

The following section will review strategies that have been
used to identify potentially protective Babesia protein
antigens and the limitations of these strategies. It is hoped
that some of the limitations can be overcome once the
complete genome sequences for B. bovis, B. bigemina and
B. divergens are obtained. Much of our knowledge of immuno-
genic babesial proteins is based on their immunodomin-
ance. These proteins have been identified by hyperimmune
bovine serum or mouse monoclonal antibodies. A combined
genomic and proteomic approach to identify novel vaccine
antigens will also enable the identification of subdominant
antigens; those antigens against which little or no immune
response is made during infection. Subdominant antigens
may prove to be more effective as vaccine candidates than
immunodominant antigens, as demonstrated for certain
viral proteins (54,55). It seems intuitive that for a parasite
to survive, expression of immunodominant antigens that
would be targeted by a protective immune response would
be lethal for the parasite. Yet babesial parasites persist in
the face of strong immune responses. Therefore, more
rational choices of vaccine antigens might be those that
do not naturally evoke a strong immune response. This
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idea was proposed by Byron Waksman in the 1970s and is
referred to as the “Waksman Postulate’ (56). A combined
genomic and proteomic approach to antigen discovery which
can lead to identifying subdominant antigens, combined
with an ability to enumerate and track CD4* T lymphocytes
in vivo following immunization or challenge, will facilitate a
better understanding of the reasons behind vaccine success
or failure. The antigens described in the following sections
are listed in Table 1.

Empirical approach to identifying vaccine antigens

Merozoite proteins or culture supernatants (exoantigens)
have been fractionated in a variety of ways and individual
fractions tested for induction of protective immunity in cat-
tle or animal models (reviewed in (16,57)). As summarized
by Wright et al. (12) five secreted B. bovis merozoite antigens
were identified that were neither serologically immunodom-
inant nor particularly abundant. Four of these proteins
were defined. One is a 77-80-kDa protein (Bv80) also called
Bb-1 (58) and now designated spherical body protein 1 (SBP1)
because of its localization to the spherical body organelles
(59). This protein was originally identified as a component
of a dextran sulphate-precipitated antigen, that when used
to immunize cattle, was partially protective (60). The other
three proteins were a 38-kDa cysteine-rich protein desig-
nated 12D3, a 60kDa rhoptry protein designated T21B4
and also called Bv60 and rhoptry-associated protein 1
(RAP-1) (61), and a high molecular weight antigen desig-
nated 11CS5. 12D3 localized to the apical end of the mero-
zoite and the cytoplasm of infected erythrocytes, suggesting
that like RAP-1, it is a secreted protein (62). Later studies
showed that 12D3 contains several T cell epitopes recog-
nized by 12D3-immunized cattle (63), although our labora-
tory was consistently unable to stimulate recall CD4" T
cell responses with recombinant 12D3, using lymphocytes
obtained from infected and recovered cattle that otherwise
responded to B. bovis and specific antigens, such as RAP-1
(Brown, unpublished observations). A truncated form of
recombinant RAP-1 fused to GST was reported to confer
partial protection against challenge, determined as reduction
in packed erythrocyte volumes (12). Recombinant proteins
consisting of glutathione-S-transferase (GST)-12D3 and
GST-11C5 used alone or in combination with either Quil A
saponin or complete Freund’s adjuvant were also able to induce
partial protection, but the greatest protection was achieved
when more than one protein was given (12). A more recent
study found that immunization with recombinant 11C5
protein resulted in control of parasitaemia in only 9 of 15
cattle (26).

Some protective immunity against homologous strain
challenge was also observed when culture supernatants of
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Table 1 Candidate vaccine antigens of Babesia bovis, Babesia bigemina, and Babesia divergens

Immunological response to individual proteins

Memory T cell In vitro Ab In vivo
Parasite antigen Approach used? response® neutralization® protectiond
B. bovis
77-80-kDa SBP1 Empirical, antibody, T cells +¢ ND' ND
60-kDa RAP-1 Empirical, antibody, T cells + + +/-¢
38-kDa 12D3 Empirical, T cells - ND +
High mw 11C5 Empirical ND ND +
42-kDa MSA-1 Antibody, T cells + + -
44/48-kDa MSA-2al/a2 Antibody - + ND
35-kDa MSA-2b Genomic - + ND
30-kDa MSA-2¢ Genomic - + ND
225-kDa SBP2 Antibody ND ND ND
135-kDa SBP3 Antibody ND ND ND
VESAL1 Antibody ND ND ND
78-kDa ACS1# T cells + ND ND
34-kDa P0# T cells - ND ND
82-kDa AMA-1 Genomic ND + ND
75-kDa TRAP Genomic ND + ND
18-kDa profilin® Genomic - ND ND
B. bigemina
58 kDa RAP-la Antibody + ND +
gp45 Antibody ND ND +
gpS5S Antibody ND ND +
B. divergens
Bd37 Empirical ND + + (Gerbils)

4The approach used to identify the antigens was an empirical approach, detection by bovine immune sera or monoclonal antibodies,
stimulation of memory CD4" T cells from immune cattle, or a genomic approach. P"Recombinant or native proteins were tested in T cell
proliferation assays using T cells from cattle recovered from infection. “Merozoite neutralization assays were performed with specific
antibodies (Ab). 9Immunization and challenge studies were performed in cattle, except that Bd37 was tested in gerbils. °+ indicates a positive
response; — indicates no response; +/— indicates positive and negative results in separate experiments. 'Not determined. ¢GenBank accession
numbers for proteins not referenced in the paper are: ACS1, AF331454; PO, AF498365; profilin, DQ238092.

B. bovis, B. bigemina, or B. divergens that contained a number
of different antigens were tested (reviewed in (57)). These
exoantigens consisted of proteins with molecular masses
of 23- and 37-40-kDa (B. bovis), 23-, 37-40- and 143-kDa
(B. bigemina) and 25-, 37-, and 70-kDa (B. divergens). The
Bd37 protein of B. divergens is a potential vaccine candidate
for cattle. A fraction of exoantigen containing Bd37
elicited partial protection in cattle (64,65). Using a gerbil
infection model, monoclonal antibody (IgG2a isotype)
specific for Bd37 was able to confer complete passive pro-
tection against homologous Rouen strain and heterologous
W8843 strain organisms (66). The 14 amino acid epitope
recognized by the antibody had only a single amino acid
substitution in the W8843 strain. However, there was mini-
mal protection of gerbils (10% survival rate) when challenged
with the 6303E strain, which had five amino acid substitu-
tions in the Bd37 epitope. Recently, a recombinant Bd37
protein vaccine was also able to completely protect gerbils
against homologous strain challenge (67). These data,

© 2006 The Authors

while important for the potential use of Bd37 in cattle,
underscore the importance of antigenic diversity in develop-
ing vaccines against protective antigens, which will be dis-
cussed in greater detail below. Interestingly, no homologue
of Bd37 has been identified to date in the B. bovis genome
(http://www.vetmed.wsu.edu/research_vmp/babesia-bovis/
index.asp), which is the only cattle Babesia genome that
has been sequenced. However, this protein, as predicted
for the variable merozoite surface antigen (VMSA) family
of B. bovis and B. bigemina, is a glycosylphosphatidyl-inositol
(GPI)-anchored membrane protein, which in general may
be useful as anti-disease vaccines (57).

Antibody-proteomic approach

A second approach to identify candidate vaccine antigens
was based on identifying merozoite surface proteins and
apical complex proteins recognized by bovine immune serum
or monoclonal/polyclonal antibodies raised in mice or
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rabbits. The rationale for this approach was to target
proteins that may be important for erythrocyte invasion by
eliciting neutralizing antibodies. Sera from cattle recovered
from B. bovis or B. bigemina infection or mouse monoclonal
antibodies identified numerous proteins from surface-labelled
merozoites following immunoprecipitation (68§—70). Among
the B. bovis proteins identified as antigenic were 60-kDa
RAP-1, 42-kDa merozoite surface antigen-1 (MSA-1), and
44-kDa MSA-2. MSA-1 and MSA-2 are members of the
VMSA family described in more detail below. MSA-1 is
highly immunodominant, recognized as the major protein
band on Western blots by sera from cattle that recovered
from infection (71). MSA-1 was an attractive vaccine
candidate because it is encoded by a single copy gene, is
merozoite surface-exposed, highly antigenic in the native
state, and antibodies against native or recombinant MSA-1
neutralized merozoite infectivity in vitro, suggesting its
importance in merozoite invasion (72-75). However, when
put to the test, MSA-1 was not an effective immunogen, as it
failed to elicit protective immunity in cattle against homol-
ogous strain challenge (73). Wright et al. (12) also reported
that serologically immunodominant antigens were not
protective.

The relevance of antigenic variation of MSA-1 in immune
evasion is indicated in recent study comparing msa-I genes
in Australian K and T vaccine strains with 14 vaccine break-
through isolates, wherein LeRoith ef al. found significant
genetic variation (76). Predicted amino acid sequence differ-
ences as low as 18:7% identity resulted in a complete lack
of antibody cross-reactivity between MSA-1 from vaccine
strains and their respective breakthrough isolates. Outside
of the more conserved amino and carboxy terminal signal
sequence regions, only single amino acids or small clusters
of amino acids are conserved in all isolates, including a
strictly conserved YFK motif at amino acids 174-176.

The MSA-2 proteins are more complex, encoded by a
family of four tandem genes in the American isolates
(msa-2al, msa-2a2, msa-2b, and msa-2¢) of which all but
msa2-a2 are expressed as 30—44-kDa proteins and elicit
antibody responses upon infection (70,77,78). MSA-2al is
the original 44-kDa protein described by Jasmer et al. (70).
The msa-2 genes are partially conserved among geographi-
cally distant strains, but the msa-2¢ gene is the most con-
served (77). Bovine antisera specific for MSA-2al/MSA-2a2,
MSA-2b, and MSA-2c significantly blocked attachment and
invasion of merozoites to erythrocytes (75), and antibody
raised in cattle against recombinant MSA-2c¢ neutralized
merozoite infectivity in vitro by approximately 50% (79).
Using a subset of the same set of vaccine strains and break-
through isolates as done for MSA-1 analysis, Berens et al.
found more limited, but still quite significant genetic
diversity (as low as 57% identity) among msa-2 genes (78).
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Additionally, the Australian msa-2 locus contained only
two genes — msa-2¢ and msa-2alb, the latter closely related
to both the msa-2a and msa-2b genes in American strains of
B. bovis. MSA-2 contains a strictly conserved YYK motif
in approximately the same location as the YFK motif of
MSA-1, and has two additional blocks of absolute conser-
vation: VKFCND and SPFM. The VKFCND block is
significant, as there is evidence that recombination among
VMSA family members occurs (78), and that in some cases
the recombination event may be anchored at one or more
of the strictly conserved blocks (77,78). Comparison of
sequences between VMSA family members has also revealed
several other examples where amino acid segments of the
hypervariable region (HVR) are highly identical to corre-
sponding sequences in other family members (78). For
example, there is a block of amino acids in the HVR of
Mexico and Texas MSA-2b that is 92% identical to the
corresponding block of amino acids in MSA-1 in four
Australian strains. These data are consistent with the
possible genetic exchange between msa-1 and msa-2
genes.

The HVRs of both MSA-1 and MSA-2 have extremely
limited conservation in the carboxy third of the molecules
(78, 80). There are no strictly conserved amino acids in this
region, and sequence similarity is only 41% among all
MSA-1 molecules. As might be predicted by the level of
variation, the HVR in MSA-1 is surface-exposed and
antibody-accessible, and monoclonal antibodies against
this region will inhibit merozoite invasion of erythrocytes,
suggesting that the HVR is involved in the invasion
process (80).

The extent of genetic polymorphism in VMSA molecules
and the ability of antibodies directed against them to inhibit
invasion suggests, but does not prove, that the diversity is
immunologically selected. Regardless of the mechanisms
that select for antigenic variants, antigenic diversity in VMSA
proteins is problematic for vaccine development. However,
for all MSA-1 and MSA-2 molecules, the predicted overall
structure, and presumably the function, appears to be con-
served despite sequence polymorphism (76). Coupled with
degenerate motifs conserved throughout the family, it may
be possible to artificially mimic structure, or to present
conserved parasite-associated molecular patterns encoded
by these molecules to the host to enhance adaptive or innate
responses, respectively. For example, all VMSA family
members appear to be GPI-anchored. In other protozoa,
including trypanosomes and malarial parasites, GPI anchors
are known to activate innate production of proinflamma-
tory cytokines, which can have protective or pathological
consequences (81). Recent evidence with B. divergens Bd37
shows that inclusion of hydrophobic sequences at the N-
or C-terminus of recombinant protein was essential for
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generation of effective immunity in vaccinated gerbils (67).
Importantly, the C-terminal GPI anchor sequence could
be substituted with a non-related sequence derived from
the GPI anchor sequence of human delay accelerating
factor, suggesting that structure of the protein rather than
sequence per se was important for inducing protective
immunity. Thus, inclusion of naturally occurring hydropho-
bic amino acid sequences in other membrane protein vaccines
may enhance the ability of these molecules to generate a
protective response, possibly by acting as a PAMP.

The antibody-based proteomic approach also identified
several B. bovis proteins, in addition to RAP-1, that are
associated with the apical complex organelles. These are
the secreted spherical body proteins that include 77-kDa
SBP-1 (formerly Bb-1), 225-kDa SBP-2, and 135-kDa
SBP-3 (59,82-84). These proteins are each encoded by a single
gene, are highly conserved among strains, and localize to
both spherical bodies and the cytoplasmic face of the eryth-
rocyte membrane. However, their functions and protective
capacity as vaccine antigens have not been determined.

In B. bigemina, the notable antigens identified by
antibodies directed against the merozoite surface are the
RAP-1, gp45, and gp55 proteins (85). In B. bigemina RAP-1
is encoded by a polymorphic gene family consisting of
transcripts coding for RAP-la, RAP-1b, and RAP-Ic
(16,86). However, only RAP-la could be detected by
immunoblotting (87), which suggests that the original 58-
kDa protein identified by immune sera is RAP-1a. Native
B. bigemina RAP-1a protein conferred partial protection,
defined by reduction in parasitaemia following challenge
with the homologous B. bigemina strain (85,88).

Gp45 is a merozoite surface antigen encoded by a single-
copy gene and is expressed at the protein level in the Mexico
strain of B. bigemina (89). However, the gene is not tran-
scribed in the Texcoco strain, and is absent in other Ameri-
can strains examined. Immunization of cattle with native
gp45 from the Mexico strain induced partial protection
against homologous strain challenge (85), suggesting that
this protein may be useful as a component of a vaccine to
protect against Mexico strains that do express this surface
antigen.

A separate tack was used by Allred and colleagues, who
wanted to understand the basis for sequestration of B. bovis
to microcapillary endothelium (reviewed in (47)). Their
studies, using monoclonal antibodies, revealed a doublet of
proteins expressed on the surface of infected erythrocytes
that changed antigenically over time. These VESA proteins
are thought to be encoded by two gene families. The
best-characterized family of proteins,VESAla, is probably
encoded by at least 50 genes. Antigenic variation is hypo-
thesized to occur by gene conversion of small segments of ves/a
into an expression site, although this awaits confirmation.
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VESAL proteins were shown to play a functional role in
endothelial cell binding in vitro, and selection for adhesive
or non-adhesive phenotypes revealed differences in VESAL1
epitopes (90).

T cell-proteomic approach

In immunized animals protected from challenge or in per-
sistently infected animals that continually control parasitae-
mia, antigen-specific CD4* T cells are believed to be required
for the adaptive immune response by producing IFN-y. In
addition to activating macrophages for efficient organism
clearance, IFN-y enhances production of the neutralizing
IgG2 antibody (91), which when mixed with IgGl, was
shown to passively protect cattle against homologous
strain challenge (13). Our laboratory therefore adopted
a strategy of using CD4* T memory cells from cattle that
had recovered from B. bovis infection and were immune
to challenge, to identify potentially important vaccine
candidates (reviewed in (16)). Merozoites were solubilized
and fractionated by size using continuous flow electrophore-
sis (CFE), and the resulting ~240 fractions were tested on
short-term T cell lines or T cell clones from four animals
which had unique MHC class II haplotypes (92,93). Frac-
tions that stimulated high levels of CD4* T cell proliferation
in the majority of cattle were then used to prepare immune
sera in rabbits, which in turn was used in expression library
screening. This approach identified several known antigens
described above that included MSA-1, MSA-2, RAP-1, and
SBP-1 (Bb-1) (93), and 12D3 (16). In addition, we identified
several novel antigens including heat shock protein (Hsp)
70 and Hsp 90 (94), a 20-kDa Hsp belonging to the o-
crystalline protein family which acts to stabilize folding
of other proteins (95,96), fatty acyl coenzyme A synthetase
(ACS1) that is involved in activation of fatty acyl coA for
use in lipid biosynthesis (97), and a phosphoribosomal
protein, PO (Norimine and Brown, unpublished observa-
tions), that in other organisms is involved in a complex
that interacts with ribosomal RNA and is critical for cell
viability (98).

T cell responses to previously known antigens were also
characterized. Babesia bovis RAP-1, encoded by two nearly
identical genes, was expressed and shown to be highly
stimulatory for T memory cells (99), as was B. bigemina
RAP-1a (49,88). Protective immunity in B. bigemina
RAP-1-immunized cattle correlated with strong CD4* T cell
responses, characterized by high production of IFN-y
(49,88,100), which induced I1gG2 by B cells ex vivo (51).

Babesia bovis RAP-1 was more extensively characterized
and shown to contain numerous T cell epitopes recognized
by CD4* T cells from infected and recovered cattle, in both
conserved domains and variable repetitive domains
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located in the C-terminus (101,102). RAP-1-specific T cells
also secreted IFN-y upon antigen stimulation ex vivo. We
also had demonstrated T cell proliferative responses to
recombinant MSA-1, and the use of MSA-1-specific T cell
clones enabled us to demonstrate that epitopes were
conserved in Mexico and Texas, but not Australian, strains
(103). SBP-1 (Bb-1) also contained T cell epitopes recog-
nized by immune cattle (104,105). In contrast, we were
unable to detect T cell responses to MSA-2 proteins (Brown
and McElwain, unpublished observations).

Similar immune recognition studies were conducted with
the newly identified antigens. Examination of B. bovis Hsp20
revealed that B. bovis and B. bigemina shared at least one
epitope that was conserved in all B. bovis strains tested,
identified by a monospecific mouse serum and a monoclonal
antibody (95). However, only one of three post-infection
bovine sera recognized a 20-kDa native B. bovis protein or
recombinant Hsp20 protein on immunoblots, indicating
that Hsp20 is not serologically immunodominant during
infection. T cell epitopes were also identified in cattle
following recovery from infection or immunization with
recombinant Hsp20, and one epitope was conserved in B.
bigemina (106). CD4™ T cells from cattle that recovered from
infection or from cattle immunized with recombinant
Hsp20 plus 1L-12 produced high amounts of IFN-y ex vivo
when stimulated with B. bovis antigen (95,106).

Babesia bovis ACS1 recombinant protein also stimulated
T-lymphocyte proliferative responses, but not detectable
antibody, from cattle recovered from infection (97). How-
ever, the other proteins that were identified by CFE
fractionation and expression library serological screening
(Hsp70, Hsp90, and PO) did not elicit detectable T-
lymphoproliferative responses from recovered cattle and
have not been pursued (Norimine and Brown, unpublished
observations). This exemplifies a limitation of this strategy, which
is the presence of multiple protein fragments in a given
fraction that elicited antibody responses in rabbits, but not
necessarily T-lymphocyte responses. Another problem is that
the approach is time-consuming and not conducive to high-
throughput analysis.

Immunization and challenge studies were performed
with recombinant B. bovis RAP-1 (102) and Hsp20 (Brown
et al., unpublished data) derived from the Mexico strain
and administered separately to cattle. These proteins were
selected because of evidence that antibody against RAP-1
blocked sporozoite and merozoite invasion (107,108), the
lack of serological immunodominance, the strong recogni-
tion by CD4" T memory cells from protected cattle, and
the conservation of epitopes among strains. Protein was
administered repeatedly with IL-12 and RIBI adjuvant,
until reproducibly strong CD4* T-lymphocyte proliferation
and IFN-y secretion were observed. All vaccinates mounted

322

Parasite Immunology

strong cell-mediated and IgGl and IgG2 responses, but
none of the cattle were protected against developing disease
or parasitaemia following challenge with the virulent T,Bo
strain (102; Brown et al., unpublished data). Furthermore,
high titred immune sera obtained post-immunization failed
to neutralize B. bovis (Mexico strain) infectivity in vitro, in
contrast to anti-MSA-1 immune bovine serum (102; Brown
et al., unpublished data). RAP-1 amino acid sequences are
identical in the T,Bo and Mexico strains, ruling out anti-
genic variation as an explanation for vaccine failure.

Genomic approach

Recently, the availability of genomic sequences of B. bovis
has permitted identification of vaccine candidate antigens
by genetic identity with homologous proteins in other
protozoa, notably Plasmodium falciparum. BLAST analysis
was used to identify two genes coding for proteins of interest
in expressed sequence tags of the Israel strain of B. bovis
(109,110). One encodes the AMA-1 homologue of P. falci-
parum, a candidate vaccine antigen that is a micronemal
protein expressed on the surface of merozoites, where it
becomes processed to smaller soluble fragments during
invasion of erythrocytes (111,112). Antibodies against
AMA-1 block merozoite invasion in mouse models (113-115).
Babesia bovis AMA-1 was identified as a low-abundance
protein, and a 69-kDa form of the protein is secreted upon
invasion of erythrocytes in vitro (109). Importantly, rabbit
antisera raised against B. bovis AMA-1 peptides signifi-
cantly blocked invasion by B. bovis in vitro. BLAST analysis
of an expressed sequence tag library was similarly employed
to identify a 75-kDa antigen of the apicomplexan throm-
bospondin-related anonymous protein (TRAP) family (110).
TRAP proteins are believed to function in host cell binding,
as disruption of the TRAP gene in P. berghei negatively
affected sporozoite gliding motility, invasion of mosquito
salivary glands and infection of hepatocytes (116). Babesia
bovis merozoites were shown to express TRAP, which
localized to the apical end, and was also secreted (110).
Antisera raised against TRAP peptides significantly
inhibited erythrocyte invasion.

Combined proteomic-genomic approach

The power of genomics is illustrated in the identification
of two putative vaccine antigens, identified by sequence
homology as candidate vaccine antigens in related malaria
parasites. The B. bovis genome of the virulent T,B0 isolate
is currently being sequenced and annotated by The Institute
for Genomic Research (TIGR), the USDA-ARS Animal
Disease Research Unit in Pullman, WA and the WSU
Department of Veterinary Microbiology and Pathology.
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Once the sequence is completed and annotated, the
genomic information will be a powerful tool to identify
vaccine antigens, selected as in the example above by iden-
tity to known protective antigens, or selected by stimulation
of a desired immune function. These might include
stimulation of memory T cell responses (proliferation and/or
IFN-y secretion) by antigenic fractions, or parasite neutral-
ization by monoclonal antibodies. The proteins identified
by these effector T cells or antibodies can be sequenced or
subjected to liquid chromatography and tandem mass spec-
trometry to identify tryptic peptide fragments and the
genes that encode them. The advantage of this approach
to identification of novel antigens is that proteins can be
quickly identified. This approach was recently used to identify
a number of novel outer membrane proteins recognized by
immune serum IgG from cattle immunized with protective
fractions of Anaplasma marginale (117,118).

PROSPECTS FOR VACCINE DEVELOPMENT

Development of effective recombinant vaccines against
apicomplexan pathogens, including Babesia, Plasmodium
and Theileria, has been frustrating and exceedingly difficult.
Since the publication of a previous review article on design-
ing vaccines against B. bovis and B. bigemina (16) only a
handful of new antigens have been identified. Of these, most
were identified by genomic analysis (77,109,110). Thus, the
completed genome sequences for bovine babesial pathogens
should facilitate a more rapid identification of novel poten-
tial vaccine antigens, whether a strictly genomic approach
or combined genomic and functional proteomic approach
is taken. It is likely that a protective subunit vaccine, whether
delivered as protein in adjuvant or as a DNA construct, will
require inclusion of multiple antigens or immunogenic
epitopes of multiple proteins. Vaccine development for cattle
is further complicated by the need to protect animals
expressing a diversity of MHC class I molecules. Thus, con-
sideration must be given to identifying multiple epitopes
that will be recognized by many individuals in a population.

We rationalized that immunization of cattle with a
conserved, T cell immunogenic protein such as RAP-1 and
appropriate adjuvants to elicit a type 1 immune response
should induce protective immunity, but this was not the case
(102). Targeting antigens like MSA-1 that are antigenically
variant between strains but retain the same structure,
presumably to maintain function (76), may prove useful if
the function can be disrupted. Similarly, blocking endothe-
lial cell adhesion by immunizing with conserved epitopes
in VESALI or including multiple variants in a vaccine may
prevent severe clinical disease. Identification of all ves cod-
ing sequences in the genome of B. bovis will facilitate
this latter approach, unless the proposed mechanism of
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antigenic variation by segmental gene conversion proves
true (47).

Progress in vaccine development will also require improved
understanding of the mechanisms of immunity in natural
hosts of these parasites, so that antigens can be delivered
in a way that mimics the innate protective response that
can lead to development of protective adaptive immunity.
We have hypothesized that control of virulent B. bovis infec-
tion in naive animals is largely achieved by activation of the
innate immune response in the spleen, whereas protection
against clinical disease in persistently infected cattle (con-
comitant immunity) or vaccinated cattle will rely upon rapid
activation of memory and effector CD4* T cells that secrete
IFN-y, which activates macrophages and provides help for
the production of protective antibodies (15,16). Increased
understanding of the parasite molecules that activate innate
immune responses will help direct the choice of vaccine
adjuvants. The induction of a protective 1L-12 response
in mice to a human apicomplexan pathogen protein, profilin
(41), that has no known receptor in humans (45), under-
scores the importance of studying the immune response
to Babesia parasites in the natural host.

Finally, development of improved methods for tracking
T cells following immunization and challenge will also help
determine why vaccine antigens, such as MSA-1 and RAP-
1, have failed to provide any protective immunity. MHC
class II tetramers loaded with pathogen-derived peptides
and labelled with a fluorochrome can be used to stain epitope-
specific T cells during the course of immunization or infec-
tion (119,120). Not only is the magnitude of the response
important, but also the rapidity of the response can be
critical, especially with virulent pathogens like B. bovis that
cause acute disease by 9-10 days post infection. Following
the fate of primed CD4* T cells following parasite challenge
will be valuable for understanding the reasons for vaccine
failure or success.
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